Theoretical modelling of the evolution of classical and recurrent novae plays an important role in studies of binary evolution, nucleosynthesis and accretion physics. However, from a theoretical perspective the observed statistical properties of novae remain poorly understood. In this paper, we have produced model populations of novae using a hybrid binary population synthesis approach for differing star formation histories (SFHs): a starburst case (elliptical-like galaxies), a constant star formation rate case (spiral-like galaxies) and a composite case (in line with the inferred SFH for M31). We found that the nova rate at 10 Gyr in an elliptical-like galaxy is ∼ 10 − 20 times smaller than a spiral-like galaxy with the same mass. The majority of novae in elliptical-like galaxies at the present epoch are characterized by low mass white dwarfs (WDs), long decay times, relatively faint absolute magnitudes and long recurrence periods. In contrast, the majority of novae in spiral-like galaxies at 10 Gyr have massive WDs, short decay times, are relatively bright and have short recurrence periods. The mass loss time distribution for novae in our M31-like galaxy is in agreement with observational data for Andromeda. However, it is possible that we underestimate the number of bright novae in our model. This may arise in part due to the present uncertainties in the appropriate bolometric correction for novae.
INTRODUCTION
As a subclass of accreting white dwarfs, novae are important objects for the study of binary evolution and nucleosynthesis (see Patterson 1984; Gehrz et al. 1998 , for a review). Given that WDs undergoing nova eruptions may gain mass during accretion, it has been suggested that they may be the progenitors of type Ia supernovae in some variants of the single degenerate scenario (e.g. Starrfield et al. 1988; Yungelson et al. 1996; Hachisu & Kato 2001) . Novae are believed to be important sources of some nuclides, such as 7 Li, 15 N, 17 O, 22 Na and 26 Al (e.g. Starrfield et al. 1978; Hernanz et al. 1996; Gehrz et al. 1998; Kudryashov et al. 2000) which in some cases have been actually observed (Tajitsu et al. 2015; Izzo et al. 2015; Tajitsu et al. 2016) . Although novae have E-mail: chenhl@ynao.ac.cn been widely studied, many questions remain unclear. In recent years, an increasing number of observational studies of novae have become available. It is vital to compare our present theoretical understanding with observations, in particular the properties of nova populations on the whole.
It is accepted that novae occur in an accreting WD binary with accretion rates below the stable burning regime, whereby the H-rich material burns unstably on the surface of the WD (e.g. Mestel 1952a,b; Kraft 1964; Giannone & Weigert 1967; Tutukov & Yungel'Son 1972; Paczynski & Zytkow 1978; Sion et al. 1979; Tutukov & Ergma 1979) . But note, Idan et al. (2013) found that in the high accretion rate regime which is conventionally considered as corresponding to 'stable' H-burning, the latter actually proceeds in small-scale short-timescale flashes. In order to understand the process underlying nova explosions, considerable effort has been made in producing simulations of nova explosions (e.g. Starrfield et al. 1972; Prialnik et al. 1978 Prialnik et al. , 1979 Sion et al. 1979; Prialnik & Kovetz 1995; Yaron et al. 2005) . During the accretion phase, first, H-rich material will be accumulated on the surface of the WD and gradually compressed by more accreted material. The H-rich shell will be heated by the compression and undergo a thermonuclear runaway (TNR), when the pressure at the bottom of the accreted envelope becomes sufficiently high and the degeneracy is lifted. The TNR will lead to ejection of the accreted mass. If the accretion rate is close to the stable burning regime, the nova explosion is relatively weak and only a fraction of the accreted mass will be ejected. If the accretion rate is low enough, nova explosions are strong and the WD will be eroded. Prialnik & Kovetz (1995) and Yaron et al. (2005) have simulated a large number of multicycle nova evolution models. They found that the properties of novae (e.g. ignition mass, maximum luminosity) are mainly determined by the WD mass, accretion rate and the interior temperature. They show different characteristics of novae for accreting WDs with different parameters within the possible ranges. Based on the results of these simulations, many general properties of individual nova can be understood.
In the past three decades, observations of novae in different Hubble types of galaxies have been undertaken (e.g. Ciardullo et al. 1990; Della Valle et al. 1994; Shafter et al. 2000; Ferrarese et al. 2003; Williams & Shafter 2004; Coelho et al. 2008; Franck et al. 2012 ). These observations are very helpful to study nova properties in different stellar populations. Previous studies (e.g. Duerbeck 1990 ; Della Valle et al. 1992) suggested that there are two kinds of nova population: the disk novae and bulge novae. The disk novae are fast and may harbour more massive WDs, compared with the bulge novae (Della Valle & Livio 1998) . Some observational studies (e.g. Ciardullo et al. 1990; Shafter et al. 2000; Ferrarese et al. 2003; Williams & Shafter 2004 ) have suggested that luminosity-specific nova rates may not evolve strongly with the Hubble type of galaxies and the average luminosityspecific nova rate is around 2×10 −10 LK, −1 yr −1 . However, several studies indicate that some galaxies, such as the Magellanic Clouds, M33 and others, may have higher luminosityspecific nova rates (e.g. Della Valle et al. 1994; Della Valle 2002; Neill & Shara 2005; Alis & Saygac 2014; Shara et al. 2016) .
Regarding individual galaxies, novae in M31 have been intensively studied in the past (e.g Arp 1956; Rosino 1964 Rosino , 1973 Ciardullo et al. 1987; Rosino et al. 1989; Shafter & Irby 2001; Darnley et al. 2006) . Some earlier results suggested a nova rate in M31 of ∼ 20 − 40 yr −1 (see Shafter & Irby (2001) and their table 1). Darnley et al. (2006) performed a careful analysis of the distribution and the incompleteness of novae in their survey, and derived a nova rate of 65 +16 −15 yr −1 . These studies have also provided other key parameters in describing nova properties (e.g. decay time, peak magnitude), which can be directly compared with theoretical results.
With the binary population synthesis method, Yungelson et al. (1997) found that the luminosity-specific nova rate should be significantly higher in younger stellar populations compared with older stellar populations. The typical WD mass of novae in young stellar populations is larger than in old stellar populations. In addition, Nelson et al. (2004) modelled the Galactic nova population (assuming a constant SFR and 100% initial binarity) and found that their derived nova rate and orbital period distribution are in agreement with observations.
In this paper, with a hybrid binary population synthesis method, we model the nova population for galaxies with two representative star formation histories (SFHs), i.e. starburst and constant star formation rate (SFR). Moreover, in order to compare with nova surveys of M31, we have computed a composite model with a star formation history consistent with that which is presently inferred for M31 (see Robertson et al. 2004 , and discussion below). We will present our predicted nova rates, as well as the characteristic distribution of novae for different models, such as the WD mass, peak magnitude, mass loss time, and compare these results with observations. The paper is structured as follows. In section 2, we introduce our binary population synthesis approach and describe how we calculate the values of various nova properties in our simulation models. In section 3, we mainly show the results of these simulations and compare these results with observations. We have a further discussion in section 4, before summarizing our results in section 5.
BINARY POPULATION SYNTHESIS
In this paper, we adopt a hybrid binary population synthesis approach, which was first introduced in Chen et al. (2014) . In this approach, first, we use the bse code (Hurley et al. 2002) to generate WD binaries with non-degenerate donors (i.e. main sequence (MS), Hertzsprung gap (HG), red giant (RG) stars). Then we follow the evolution of these WD binaries with a grid of detailed evolutionary tracks computed with mesa code (Paxton et al. 2011 . Compared with other binary population synthesis approaches, this method allows a careful treatment of the second mass transfer phase. Here we briefly summarize the main assumptions and ingredients in our calculation.
BSE calculation
We adopt the initial mass function (IMF) of Kroupa (2001) for the primary mass ranging from 0.1 M to 100 M . We take a flat mass ratio distribution (Kraicheva et al. 1979 ) and a flat distribution in logarithmic space for binary separations in the range between 10 and 10 6 R . With respect to the binary fraction, observations indicate that it may depend on the binary parameters (Kouwenhoven et al. 2009; Kraus & Hillenbrand 2009; Sana et al. 2012) . Following the suggestion of van Haaften et al. (2013) , we adopt the following formula for the binary fraction (f b ):
where M1 is the primary mass. This is different from our previous papers (Chen et al. 2014 (Chen et al. , 2015 , in which we adopt a constant binary fraction, i.e. 50%. However, this does not significantly influence our results.
With the bse population synthesis code (Hurley et al. 2002) , we computed the evolution of around 2 × 10 6 binary systems, a fraction of which may evolve into a binary system consisting of a WD and a non-degenerate donor that later stably overflows Roche lobe. We follow the evolution of these systems until the WD binaries become semi-detached and obtain the binary parameters (i.e. WD mass, donor mass, orbital period) at the onset of mass transfer.
It is worth noting that we include different types of donors (i.e. MS, HG, RG donors) in our calculation. In previous studies of nova populations (e.g. Nelson et al. 2004) , only MS donors are included. However, Darnley et al. (2014) have shown that some recurrent novae harbour HG and RG donors, though some of these may reside in symbiotic binaries. Therefore, for the first time, we include a relatively complete set of progenitors of novae binaries in a population synthesis study.
Binary evolution calculation
In order to follow the evolution of these WD binaries, we computed the evolution of a grid of WD binaries with varying initial parameters using the detailed stellar evolutionary code mesa (Paxton et al. 2011 . In this grid, the WD mass ranges from 0.50 M to 1.35 M with a step ∆M = 0.10 M . We ignore He WDs in our calculation.
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The donor mass ranges from 0.10 M to 13.5 M with a step ∆M = 0.05 M . The orbital period ranges (with step size ∆log 10 P orb = 0.1) from 1000 days down to the minimum period for which the binary separation yields mass transfer which begins on the zero-age main sequence. With the binary parameters at the onset of mass transfer from our bse calculations, we can select the closest track in the grid of mesa calculation and follow the evolution of any WD binaries.
In the mesa calculation, we adopt the limits for the stable burning regime from Wolf et al. (2013) . We assume that the excess mass will be lost in the form of an optically thick wind (Hachisu et al. 1996) and take away the specific angular momentum of the WD, if the accretion rate is larger than the maximum stably burning rate. If the accretion rate is in the stably burning regime, we assume that no mass will be lost. If the accretion rate is below the stable burning regime, we adopt the H burning retention efficiency from Yaron et al. (2005) , as approximated in Chen et al. (2014) (see their Eq. 6). Regarding the He burning retention efficiency, this suffers from considerable uncertainties (e.g. Hachisu et al. 1999; Kato & Hachisu 2004; Piersanti et al. 2014; Hillman et al. 2015) . Here we simply use the prescription from Hachisu et al. (1999) . The angular momentum lost due to mass loss during nova explosion is rather uncertain (see e.g. Livio et al. 1991; Nelemans et al. 2016; Schreiber et al. 2016 ). Here we assume that the lost mass takes away the specific angular momentum of the WDs.
In our calculation, we adopt an initial hydrogen abundance X = 0.70, helium abundance Y = 0.28 and metallicity Z = 0.02.
Calculation of the nova rate
In our calculations, we do not compute the detailed evolution of the WDs. We consider the WD as a point mass and compute its mass evolution. From our binary evolution calculations, for any given WD binary evolutionary track, we know the accretion rate and WD mass. Yaron et al. (2005) computed multicycle nova models for WDs under differing conditions, and showed the dependence of nova properties on WD mass, accretion rate and WD temperature (see their tables 2 and 3). Under certain assumptions on the interior temperature of the WDs, we can then find the characteristics of Novae, such as the ignition and ejected mass, by interpolating their tables. The results of Townsley & Bildsten (2004) indicate that, for WD masses and accretion rates typical of cataclysmic variables, equilibrium WD core temperatures are smaller than 1.0 × 10 7 K. However, there is no complete computation similar to Yaron et al. (2005) for different WDs with low temperatures. Therefore, we use Tc = 1.0 × 10 7 K in our calculations. In section 4, we will discuss its influence on our results.
Common envelope evolution
For the treatment of common envelope (CE) events, we adopt the α-formalism (Webbink 1984; de Kool 1990) and use the fitting formula from Loveridge et al. (2011) for the binding energy parameter λ. The efficiency α suffers from considerable uncertainty (see Ivanova et al. 2013 , for a review). Davis et al. (2012) found that the value of α should be ≤ 1.0 and it may decrease with increasing WD mass and secondary mass. By reconstructing the evolution of post CE binaries, Zorotovic et al. (2010) constrain the value of α to be in the range of 0.2−0.3. A similar result is found by Ricker & Taam (2012) using hydrodynamic simulations. Davis et al. (2010) found that a global value of α > 0.10 provides a good agreement with observations of post CE binaries. Therefore, in our calculation, we adopted α = 0.25. We will discuss the influence of this value on our results in section 4.
By default, we adopt criteria for dynamically stable mass loss from Hjellming & Webbink (1987) and Webbink (1988) (hereafter the HW criteria) for binaries with giant stars. However, some detailed binary evolution calculations (e.g. Han et al. 2002; indicate that this criteria may predict too low a critical mass ratio, and that the critical mass ratio should depend on the evolutionary phase of the donor star, mass, and adapted mode of angular momentum loss from the system. Woods & Ivanova (2011) (see also Passy et al. 2012 ) demonstrated that the difference is due to consideration of the superadiabatic outer surface layer, whose typical thermal timescale may be smaller than the timescale for mass transfer. The muted response of this surface layer of the donor in response to mass loss (relative to mass loss directly from the convective envelope, as in polytropic models), allows for stable mass transfer at higher mass ratios than previously considered. Recently, Pavlovskii & Ivanova (2015) found that the critical mass ratio may vary from 1.5 to 2.2.
Binary population synthesis models
With the uncertainties in the treatment of CE events in mind, we computed three different models: a025 model, a025qc15 model, a025qc17 model. In all of these models, we use α = 0.25. In the first model, we use the HW criteria for giant stars. In the other models, we use critical mass ratios qc = 1.5 and 1.7 for giant stars, respectively. However, we should emphasize that the critical ratio should not be a fixed value and varies as a function of other stellar parameters, as mentioned above.
In each model, we consider three different SFHs, which may roughly represent three kinds of galaxies. (I) Ellipticallike galaxies: all stars (with initial total mass 10 11 M ) are formed at t = 0. (II) Spiral-like galaxies: a constant SFR for 10 Gyr with total stellar mass 10 11 M formed. (III) M31-like galaxies: In order to compare wtih observations of novae in M31, we make a composite model with a SFH outlined as follows. Robertson et al. (2004) simulated the formation and SFH of disk galaxies, which Olsen et al. (2006) have demonstrated to be consistent with the observationally derived SFH of M31. Given that the total stellar mass of M31 is around 1.1 × 10 11 M (Barmby et al. 2007 ), we adopt the SFH from Robertson et al. (2004) as the SFH of M31 and rescale the total stellar mass to 1.1×10 11 M . In this model, the SFR increases from t = 0 Gyr and peaks around t = 2.0 Gyr, and then declines by around one order of magnitude by 10 Gyr.
RESULTS

Evolution of nova population with stellar ages
In Fig. 1 , we show the evolution of nova rates for ellipticallike and spiral-like galaxies in different models. The massnormalized nova rates reach maximum around 1 Gyr in elliptical-like galaxies and around 2 Gyr in spiral-like galaxies. After the maximum, it declines by ∼2 orders of magnitude in elliptical-like galaxies and by a factor of ∼4 in spirallike galaxies by the age of 10 Gyr. A similar behaviour in elliptical galaxies is also found in Matteucci et al. (2003) . In elliptical-like galaxies, at ∼1 Gyr, the typical donor mass of WD binaries is around 2 M . For these binaries, WDs will efficiently accumulate mass during a thermal timescale mass transfer. These massive WDs have frequent outbursts. With increasing stellar age, the typical donor mass will decrease. The WD can not efficiently accumulate mass and the typical WD mass decreases. Therefore, the nova rate will decrease. In spiral-like galaxies, novae form with a typical delay time around 1 Gyr. Therefore, after ∼2 Gyr, the nova rate is almost constant while the stellar mass continues to increase linearly with time. Therefore, the mass-specific nova rates at old ages in the right panel of Fig. 1 decrease as t −1 . Compared with our a025 model, the nova rates in a025qc15 and a025qc17 are smaller. In a025qc15 and a025qc17 models, the critical mass ratios for a CE in binaries with giant stars are larger than when using the HW criteria. Therefore, it will become more difficult for binaries to enter a CE and fewer accreting WD binaries will be produced. Consequently, the nova rates decrease as this critical mass ratio increases.
The nova rates at 10 Gyr in different models for different kinds of galaxies are shown in table 1. For an elliptical-like galaxy with 10 11 M , the nova rate is around 10 − 20 yr −1 . For a spiral-like galaxy with the same mass, the nova rate is around 10-20 times larger. These results are in line with Matteucci et al. (2003) who found that the luminosity-specific nova rates in elliptical galaxies are lower than in spiral and irregular galaxies. Yungelson et al. (1997) came to a similar conclusion using a binary population synthesis method. In M31-like galaxies, the nova rate is around 80 − 160 yr −1 . Darnley et al. (2006) detected 20 classical novae in M31 and deduced a global nova rate of 65 +16 −15 yr −1 based on a thorough analysis of the completeness of novae in their survey. However, as they discussed, the novae with the shortest decay times t2 or t3 (the decline time of the optical light curve from the peak by 2 (3) magnitudes) in their sample are likely incomplete because of insufficient cadence of the survey. In order to get a reliable nova rate for M31, Soraisam & Gilfanov (2015) and Soraisam et al. (2016) combined the data from observations of novae with t2 < 20 days by Arp (1956) with the data of novae with t2 > 20 days from Darnley et al. (2006) , taking the completeness into consideration. In the incompleteness analysis of Arp's survey, they ran Monte-Carlo simulations and used a template nova light curve and an observed maximum magnitude-rate of decline relation. Then they can get the fraction of detected novae as a function of t2 (see Appendix of Soraisam et al. (2016) for more details). Regarding the incompleteness of Darnley's survey, we use a completeness value of ≈ 23% for correction based on the result of Darnley et al. (2006) (see their table 3). The nova rate is computed as follows.
, for Darnley's data.
whereṄ (t2) is in unit of yr −1 M −1 , N is the observed numbers of sources at t2 and η is the completeness. The duration of the two surveys are 1.342 yr and 2.830 yr respectively. The masses enclosed by the field of view in the two surveys are 6.02 × 10 10 M and 5.17 × 10 10 M , respectively (see Soraisam et al. (2016) for more details). Then we obtain a global nova rate 97 yr −1 2 for M31. Our results are in good agreement with this number. In order to make a further comparison, we compare the distributions of predicted and observed mass loss time distribution of novae in the following section.
In order to understand the evolution of nova populations with time, in Fig. 2 , we show the isodensity contours of nova parameters at different stellar ages for elliptical-like galaxies in our a025 model. Using Yaron et al. (2005) data we can find the maximum luminosity of novae and then convert it to Mv (see the following section). From these plots, it is found that the average WD mass of a nova population decreases with increasing stellar ages, which is consistent with previous studies, e.g. Politano (1996) . According to the results of Yaron et al. (2005) , the mass loss times and recurrence periods of novae with massive WDs are shorter compared with novae with smaller WD mass (see also Truran & Livio 1986; Politano et al. 1990) . Therefore, it is expected that the typical mass loss time and recurrence time of populations of novae will increase with increasing stellar age. Similarly, the typical maximum magnitude of novae become lager as the stellar age increases. Table 1 . The current nova rates (i.e. at 10 Gyr) for different kinds of galaxies in different models. The total stellar mass for elliptical-like and spiral-like galaxies is 10 11 M and it is 1.1 × 10 11 M for M31-like galaxies. The present nova rate of M31 galaxy is around 97 yr −1 (see text). log(t/yr) Figure 1 . Evolution of mass-specific nova rates for elliptical-like galaxies (left panel) and spiral-like galaxies (right panel) in different models (see table 1 ). The red, blue, orange colours are for a025, a025qc15, a025qc17 model, respectively.
Current nova population
Since the properties of novae are mainly determined by the WD mass, we show the WD mass spectra of the "current" (10 Gyr) nova population in Fig. 3 . The WD mass peaks around 0.5 − 0.6 M in elliptical-like galaxies and 1.30 − 1.40 M in spiral-like galaxies. This is expected; in ellipticallike galaxies, WD binaries with massive WDs evolve faster and the number of massive WDs decreases. Therefore, the typical WD mass of novae at 10 Gyr is small. The cut off at the low mass side is simply due to the fact that we ignore He WDs in our calculation. In spiral-like galaxies, there are young stellar populations with massive WDs. Most of these WDs have initially small mass and have increased their mass during the thermal timescale mass transfer (see Fig. 2 of Chen et al. (2014) ). From Yaron et al. (2005) , we know that the ignition mass of novae for massive WDs can be smaller by 2−3 orders of magnitude, compared with low mass WDs. Therefore, massive WDs can have relatively more frequent nova outbursts. In M31-like galaxies, there are two peaks in the WD spectra. The peak around low WD mass is simply due to the large number of WD binary systems with low mass WDs. The peak around massive WD mass is due to massive WDs having more frequent nova outbursts.
In Fig. 4 , we show the mass loss time (t ml ) distribution of novae for different kinds of galaxies and compare the result of M31-like galaxies with the observational data of M31. With respect to the observational data, identical to the above description of the observed nova rate in M31, we combine the nova data of Arp (1956) and Darnley et al. (2006) . With the results of Yaron et al. (2005) , we can get two timescales for each novae -the decay time of bolometric luminosity by 3 mag t 3,bol and the duration of mass loss phase t ml . It is found that t ml is much closer to the observed t3 than t 3,bol (Prialnik & Kovetz 1995; Yaron et al. 2005) .
The following formula is used to compute the values of t ml for observed novae (Bode & Evans 2008) . t2 = t ml /2.1 t ml < 50 days t ml /1.75 t ml ≥ 50 days One point worth noting is that using a higher and fixed critical mass ratio in the CE criteria does not result in an unrealistic nova population. In elliptical-like galaxies, novae have a typical mass loss time around hundreds of days. The mass loss time of novae in spiral-like galaxies peaks around several tens of days. In M31-like galaxies, the mass loss time of novae ranges from tens of days to hundreds of days. Compared with the observational data of M31, there are too many novae predicted with t ml < 10 days and t ml > 300 days. Although Soraisam & Gilfanov (2015) and Soraisam et al. M wd (M ) Figure 3 . Distribution of nova rate as a function of WD mass for current nova population of elliptical-like galaxies (left panel), spiral-like galaxies (middle panel) and M31-like galaxies (right panel) in different models (see table 1 ). The red, blue, orange colours are for a025, a025qc15, a025qc17 model, respectively. table 1 ). The red, blue, orange colours are for a025, a025qc15, a025qc17 model, respectively. The gray histogram shows the combined observational nova data from Arp (1956) and Darnley et al. (2006) taking the incompleteness into consideration (Soraisam & Gilfanov 2015; Soraisam et al. 2016 ). The shaded histogram shows the observational nova data of Darnley's paper only. M v Figure 5 . Distribution of V band maximum magnitude for current nova population of elliptical-like galaxies (left panel), spiral-like galaxies (middle panel) and M31-like galaxies (right line) in different models (see table 1 ). The red, blue, orange colours are for a025, a025qc15, a025qc17 model, respectively. The gray histogram shows the combined observational nova data from Arp (1956) and Darnley et al. (2006) taking the incompleteness into consideration (Soraisam & Gilfanov 2015; Soraisam et al. 2016 ). The shaded histogram shows the observational nova data from Darnley et al. (2006) only.
(2016) have corrected for the incompleteness of the short events, their correction was approximate and may not be accurate enough for the shortest novae. No incompleteness was applied for the longest events in our comparison. The novae with the shortest mass loss times are easily missed in observations, since observations are usually discontinuous. On the other hand, the novae with the longest mass loss times may be difficult to detect, because these novae are likely to be faint and the luminosity may not dramatically decline within the limited observational time.
Following Shafter et al. (2009) , we assume that the colour of novae at maximum luminosity is the same as the colour of an A5V star (T eff ∼ 8200 K). Then we can get the V band magnitude of novae for any given maximum bolometric luminosity with the data compiled by Johnson (1966) . In Fig. 5 , we show the distribution of V-band magnitude for novae at maximum luminosity. The novae are dominated by those with Mv from about -7.0 to about -6.0 in ellipticallike galaxies while absolute V-band magnitude peaks around about -8.0 to -6.5 in spiral-like and M31-like galaxies. Arp (1956) found that the maximum photographic magnitude of novae in M31 has a bimodal distribution. However, in M31-like galaxies, we do not find a bimodal distribution in the theoretical and observational results. The observational data of M31 is shown in the right panel of Fig. 5 , which is based on the results of Arp (1956) and Darnley et al. (2006) . In the Arp's survey, the photographic magnitudes were given. We correct them for the foreground extinction with Apg = 0.25 (Shafter et al. 2009 ). Then we convert the photographic magnitude to V-band magnitude using colours (B − mpg) = 0.17 (Arp 1956; Capaccioli et al. 1989 ) and (B − V ) = 0.15 (Shafter et al. 2009 ). For novae from Darn-2 0 2 4 6 8 log(P rec /yr) Figure 6 . Distribution of recurrence period for current nova population of elliptical-like galaxies (left panel), spiral-like galaxies (middle panel) and M31-like galaxies (right panel) in different models (see table 1 ). The red, blue, orange colours are for a025, a025qc15, a025qc17 model, respectively. ley et al. (2006), we convert the observed magnitude to Vband magnitude using colour (V − R) = 0.16 (Shafter et al. 2009 ). Compared with the observational data, we underestimate the number of very bright novae. The possible reasons for this discrepancy are as follows. First, we did not include low temperature WDs (Tc < 1.0 × 10 7 K) in our calculation. With the same code used by Yaron et al. (2005) , Shara et al. (2010) (see also Schwartzman et al. (1994) ) found that some very luminous novae can be explained by low temperature WDs with low accretion rates. Additionally, as Prialnik & Kovetz (1995) discussed, the error in the maximum luminosity in their simulations can be as large as −0.75 magnitude. Finally, in our calculation of Mv, we assume that the spectra of all novae at maximum are similar to normal A5V main sequence stars. However, previous studies (e.g. Bode & Evans 2008) found that the spectra of novae at maximum resemble the spectra of stars with spectral type in the range B5 to F5. Recently, based on high quality photometric spectra of novae, Munari (2014) found that the spectra of some novae deviate from A5 main sequence stars (see his Fig. 4 ). For example, the colour (B-V) ranges from around 0.20 to 3.40, while (B-V) = 0.15 for A5V main sequence stars. This evidence suggests that adopting a unique spectral type may not be an accurate assumption. This will influence the colour and bolometric correction used in the above conversion.
In Fig. 6 , we show the distribution of recurrence periods for novae in different galaxy types given different models. The novae in elliptical-like galaxies have relatively long recurrence periods, while the novae in spiral-like galaxies have predominantly shorter recurrence periods. In M31-like galaxies, there are two peaks, which correspond to the two peaks of the WD mass distribution in Fig. 3 . The peak around massive WD produces the peak around short recurrence periods; most of these WDs have accumulated additional mass during a prior thermal timescale mass transfer phase. These massive WDs have more frequent outbursts and are also short lived (see Fig. 2 ). The peak around small WD masses corresponds to the peak around long recurrence periods. In spiral-like galaxies, there is a large number of WD binaries with small WD mass. But these small WDs have less frequent outbursts. Given the short observational time in reality, less novae, particularly recurrent novae, will be detected in elliptical galaxies. If we take the novae with recurrence period Prec < 100 yr as recurrent novae, there will be no recurrent novae in elliptical-like galaxies. In spiral-like galaxies, the fraction of recurrent novae is around ∼ 60% − 65%. In M31-like galaxies, the fraction of recurrent novae is ∼ 45% − 50%. Shafter et al. (2015) performed a thorough astrometric study of novae in M31 and did a Monte Carlo analysis of the detection effficiency of recurrent novae. They suggested that as many as one in three M31 novae may be recurrent novae with Prec < 100 yr. Our result is not inconsistent with their results.
DISCUSSION
Influence of α values
As we discussed in section 2, the appropriate value(s) of α suffers from considerable uncertainty. Therefore, we computed a model with α = 0.5 (a050 model) and found no dramatic difference between the results of this model and a025 model, which is similar to what we found in Chen et al. (2014) . Here we only show the distribution of recurrence period for comparison in Fig. 7 . The influence of α values on the evolution of the binary population is rather complicated. Qualitatively it is clear that for larger α values more binaries will survive from the first CE phase and typical binary separations of survivors will become larger. For larger binary separations, in more binary systems the mass loss of nondegenerate donors upon ROLF will be unstable and a fraction of population underlaying novae will be lost. As well, in remaining systems accretion rates will be higher and WD may spend more time as stably nuclear burning objects and less as nova progenitors (less mass will be left for unstable burning). But the last effect may be offset by the increased WD mass and WDs with higher accretion rates have lower ignition mass. As a result,the total nova rates remain com- . Mass-normalized nova rates as a function of stellar age for elliptical-like galaxies (solid line) and spiral-like galaxies (dashed line) in a025 model assuming WD temperatures Tc = 1 × 10 7 K (red colour), Tc = 3 × 10 7 K (blue colour).
parable. A more thorough study of this issue is beyond the scope of the present paper.
Influence of WD interior temperatures
In the above nova calculation, we assume that the interior temperatures of WDs are constant, i.e. Tc = 1.0 × 10 7 K. In order to understand the influence of WD temperature on our results, we computed a model with Tc = 3.0 × 10 7 K. The other assumptions of this model are the same as in a025 model.
From Fig. 8 , we see that there is no dramatic difference among models with different WD temperatures and nova rates are only slightly higher for WDs with higher temperatures (see also table 1). This can be understood since the ignition mass of novae is lower for WDs with higher temperature (Yaron et al. 2005) . In elliptical-like galaxies, the difference becomes larger at old ages. This is due to the fact that the difference in ignition mass at different temperatures log(t ml /day) . Mass loss time distribution of current nova population for elliptical-like galaxies (upper panel), spiral-like galaxies (middle panel) and M31-like galaxies (lower panel) in a025 model assuming WD temperatures Tc = 1 × 10 7 K (red colour), Tc = 3 × 10 7 K (blue colour). The gray histogram shows the observational nova data from Arp (1956) and Darnley et al. (2006) taking the incompleteness into consideration (Soraisam & Gilfanov 2015; Soraisam et al. 2016 ). The shaded histogram shows the observational nova data of Darnley et al. (2006) only.
is larger for low WD masses than for massive WD (Yaron et al. 2005 ).
In Fig. 9 , we show the distribution of mass loss time at 10 Gyr in different types of galaxies for a025 model assuming different WD temperatures. Compared with model with WD temperature Tc = 1.0 × 10 7 K, there is an enhancement of novae with long mass loss times (t ml > 100 days) for all galaxies types in the model with a higher WD temperature. In Fig. 10 , we show the distribution of recurrence period of novae. There is an enhancement of novae with long recurrence period for the model with a high WD temperature. The trend seen in Figs. 9 and 10 is explained by the fact that, atṀacc ≤ 10 −8 M yr −1 at which most of novae oc- cur, Prec drops with increase of Tc, while t ml increases with increase of Tc (Yaron et al. 2005 ). Saglia et al. (2010) found that in the inner few arcsecs of the bulge of M31, the metallicity is ∼ 3 Z . Except for this region, the metallicity is solar. In addition, the metallicity of the disc is less than solar. In our computation, we assume that the metallicity of the stellar population is solar. The influence of metallicity on our results is rather complicated. First, it will influence the binary evolution. For example, Meng et al. (2008) found that, for Z ≥ 2Z , the final WD mass will increase as metallicity increases, while for metallicity Z < 2Z , it will decrease as metallicity increases. Additionally, Piersanti et al. (2000) computed the evolution of accreting WDs for H-rich material with different metallici- ties and they found that the accretion rate for stably burning WD will be lower for lower metallicity and the width of the stably burning regime will be reduced. On the other hand, metallicity will influence the nova properties. For example, Starrfield et al. (2000) have studied the effects of metallicity on nova outburst and found that the ignition mass is higher for lower metallicity. Although metallicity is important in our calculation, it is difficult for us to quantitatively assess its influence on our results, and further studies are needed in this regard.
Influence of metallicity
Novae with donors at differing evolutionary states
We classify novae according to the donor type at the onset of mass transfer. In Fig. 11 , we show the recurrence period distribution of the "current" nova population with different donor types in elliptical-like galaxies and spiral-like galaxies. The contribution to the total nova rate from WD binaries with non-MS donors is comparable to that of WD binaries with MS donors. This conclusion is also true for our model of a M31-like galaxy. In Fig. 12 , we show the orbital period distribution of the current nova population in elliptical-like and spiral-like galaxies. It is found that the secondaries of those novae with non-MS donors are mainly located in the hydrogen-shell burning stage. Those WD binaries with evolved secondaries have relatively higher mass transfer rates. In addition, the WD will accumulate mass during the thermal timescale mass transfer. For higher mass transfer rates and large WD masses, the ignition mass will be smaller. Therefore, there will be more frequent outbursts for these binaries. Williams et al. (2014) found 11 nova progenitor systems with evolved secondaries in a survey with 38 confirmed nova progenitor systems. This leads to a fraction of ∼ 30% of the nova progenitor systems which harbour evolved secondaries. Given the nova progenitor systems with evolved secondaries have relatively higher mass transfer rates compared with nova progenitor systems with MS donors, nova progenitor systems with evolved secondaries should have more frequent outbursts. Therefore, the contribution of novae with evolved donors to the total nova rate should be larger than the fraction of corresponding binary systems, 30%. Recently, Williams et al. (2016) conducted a more accurate statistical analysis of their preceding results and came to the conclusion that ∼ 30 +13 −10 % of nova eruptions in M31 Galaxy are RG-novae.
Correlation between mass-specific nova rate and morphological type of galaxy
Observations give contradicting results regarding the dependence of the mass-specific nova rate on the Hubble type of the galaxy. Some observational studies (e.g. Ciardullo et al. 1990; Shafter et al. 2000; Ferrarese et al. 2003; Williams & Shafter 2004 ) claimed that there is no strong dependence of mass-specific nova rate on the Hubble types of galaxies: the majority of galaxies have around 2 ± 1 × 10 −10 L ,K −1 yr −1 . However, there are several galaxies which may have a higher mass-specific nova rate, e.g. the SMC, LMC, M33 and others(Della Valle et al. 1994; Della Valle 2002; Neill & Shara 2005; Alis & Saygac 2014; Shara et al. 2016) . The massspecific nova rate of elliptical-like galaxies at 10 Gyr in our calculation is around (1 − 2) × 10 −10 M −1 yr −1 . This is consistent with Williams & Shafter (2004) , since the total stellar mass-to-light ratio M /LK ∼ 1.0, slightly depending on the colour of the galaxy (Bell & de Jong 2001) . However, for spiral-like galaxies, we obtained a mass-specific nova rate 10-20 times larger. It would seem then that our results are inconsistent with measurements of Williams & Shafter (2004) . However, one crucial point to understand this discrepancy is the incompleteness of nova surveys. For example, the nova rate of M31 in the analysis of Williams & Shafter (2004) is significantly lower than the nova rates of Darnley et al. (2006) . As we discussed above, a more reliable value should be ≈ 97 yr −1 , giving a luminosity-specific nova rate ∼ 7.0 × 10 −10 L ,K −1 yr −1 , which is a factor of 3 − 4 larger than the value in Williams & Shafter (2004) .
In our model for M31, we find a mass-specific nova rate of ≈ (7 − 14) × 10 −10 M −1 yr −1 , which is consistent with the above number. In our model of spiral-like galaxies, we assume the SFR to be constant, which is almost certainly oversimplified in the general case. As shown in Figs. 1 and 2 , if there was an initial spike of SFR, certain fraction of total mass of "realistic" spirals sits in old population which does not contribute much to the current nova rate. This will lead to a smaller value of luminosity-specific nova rate (cf. table 1).
Novae with short recurrence periods
In M31-like galaxies, the predicted rate of novae with recurrence period Prec < 1 yr is around 4 yr −1 (see Fig. 6 ). The typical WD mass of these novae is 1.30 − 1.40 M and their typical accretion rate is 10 −7 −10 −6 M yr −1 . Recently, Tang et al. (2014) discovered a nova with recurrence period of around 1 yr, and Henze et al. (2015) found the recurrence period of this nova is more likely to be 6 months. Based on the recurrence period and the X-ray emission, Tang et al. (2014) constrained the WD mass of the nova to be > 1.30 M and its accretion rate to be > 1.7×10
−7 M yr −1 . Presently, this is the only nova with a recurrence period less than 1 yr detected in M31 giving a nova rate ∼2 yr −1 . We predict a rate of around 4 yr −1 . Given the uncertainties of observations and simulations, our results for short recurrence periods are consistent with observations.
Novae with ONe WDs
In our calculation, we do not distinguish ONe WDs from CO WDs. Evidently, some massive WDs should be ONe WDs. José & Hernanz (1998) found that ONe WDs have higher ignition masses (about a factor of 2), compared with CO WDs. This is due to the lower 12 C abundance in the envelope which will reduce the reaction rate of the CNO cycle and less energy will be released at the same temperature. Therefore, the ONe WDs should have longer recurrence periods. However, the difference of t ml and MV between ONe WD and CO WD with same mass has not been investigated. Assuming that the ignition mass of novae for ONe WD is the same as for CO WD, we compute the nova rate of ONe WDs based on the WD type identification in bse code. We find that, for the current nova population in elliptical-like and spiral-like galaxies, the contribution of ONe WDs to the total nova rate is rather small (less than 10%).
Novae in Globular Clusters
Motivated by observations that the mass-specific number of low mass X-ray binaries is enhanced in globular clusters (GCs) (e.g. Clark 1975) , it is also expected that a significant population of WD binaries could be formed through dynamical process in GCs (e.g. Bailyn 1991) . Observations from the Chandra X-Ray Observatory and the Hubble Space Telescope have revealed dozens of cataclysmic variables in GCs (e.g. Grindlay et al. 2001; Heinke et al. 2005; Pooley et al. 2002) . Consequently, we will expect the nova rate to be enhanced in GCs. So far, there are five novae found in GCs: one in M80 (Dieball et al. 2010) , one in a GC of M87 (Shara et al. 2004) , two in the GCs of M31 (Shafter & Quimby 2007; Henze et al. 2013) , and one in a GC of M84 (Curtin et al. 2015) . Based on the two novae discovered in the GCs of M31 (Henze et al. 2013) , the estimated nova rate in the M31 GC system is 0.05 yr −1 GC −1 . Curtin et al. (2015) found two novae in the GCs of M87 and M84 and estimated that novae are likely enhanced by at least an order of magnitude in GCs compared with the field. This evidence indicates that dynamical interactions in GCs may be an important factor in the calculation of the nova rate in a galaxy. Obviously, in our calculation, we do not take GCs into consideration.
CONCLUSIONS
With a hybrid binary population synthesis method, we have modelled the nova population for a starburst (i.e. ellipticallike galaxies) and a constant SFR model (i.e. spiral-like galaxies). In addition, we have also provided a composite model as an analog of M31 (i.e. M31-like galaxies). We have computed the nova rates and the nova properties, such as their distributions of mass loss time, maximum magnitude, for different stellar populations. We compare these results with observational data of M31. Our main results are summarized as follows.
1) We computed the nova rates as a function of stellar age in elliptical-like and spiral-like galaxies (see Fig. 1 ). In elliptical-like galaxies, the mass normalized nova rate peaks around 1 Gyr and declines by ∼ 2 orders of magnitude at 10 Gyr. In spiral-like galaxies, it peaks around 2 Gyr and declines by a factor of ∼ 4 in spiral-like galaxies at 10 Gyr. The mass-specific nova rate for elliptical-like galaxies at 10 Gyr in our calculation is ∼ (1 − 2) × 10 −10 M −1 yr −1 , which is consistent with observations. However, the massspecific nova rate for spiral-like galaxies at 10 Gyr is ∼ (20 − 40) × 10 −10 M −1 yr −1 , which is larger than seen in some observations. The mismatch may be due to both the incompleteness of past surveys and the assumption of a constant SFR in our model. Moreover, our predictions go in the direction suggested by several papers which found high luminosity-specific nova rates in late-type systems like LMC and M33 (e.g. Della Valle et al. 1994; Della Valle 2002; Alis & Saygac 2014) .
2) The current nova population is dominated by novae with low mass WDs in elliptical-like galaxies and by novae with massive WDs in spiral-like galaxies.
3) In elliptical-like galaxies, the majority of current novae have long mass loss times, are relatively faint, and have long recurrence periods. In spiral-like galaxies, the majority of the current nova population have short mass loss times, are relatively bright, and have short recurrence periods. 4) Given the uncertainties in both our calculation and observations, the predicted nova rate and the distribution of nova mass loss times in our M31-like galaxy are in good agreement with observational data for M31. The observed distribution may be subject to incompleteness at t ml < 10 day and t ml > 300 day. In addition, it is possible that we underestimate the number of very bright novae in our calculations. This may be due to the lack of low temperature WDs or the assumption of a unique spectral type for novae at the maximum luminosity in our work.
